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Nicotinic acetylcholine receptors (nAChRs), present
in human bronchial epithelial cells (HBECs), have
been shown in vitro to modulate cell shape. Because
cell spreading and migration are important mecha-
nisms involved in the repair of the bronchial epithe-
lium, we investigated the potential role of nAChRs in
the wound repair of the bronchial epithelium. In vivo
and in vitro , �3�5�2-nAChRs accumulated in migrat-
ing HBECs involved in repairing a wound, whereas
�7-nAChRs were predominantly observed in station-
ary confluent cells. Wound repair was improved in
the presence of nAChR agonists, nicotine, and acetyl-
choline, and delayed in the presence of �3�2 neuro-
nal nAChR antagonists, mecamylamine, �-conotoxin
MII, and �-bungarotoxin; �-bungarotoxin, an antag-
onist of �7-nAChR, had no effect. Addition of nicotine
to a repairing wound resulted in a dose-dependent
transient increase of intracellular calcium in migrat-
ing cells that line the wound edge. Mecamylamine and
�-bungarotoxin inhibited both the cell-migration
speed and the nicotine-induced intracellular calcium
increase in wound-repairing migrating cells in
vitro. On the contrary �-bungarotoxin had no sig-
nificant effect on migrating cells. These results sug-
gest that �3�5�2-nAChRs actively contribute to the
wound repair process of the respiratory epithelium

by modulating intracellular calcium in wound-re-
pairing migrating cells. (Am J Pathol 2006, 168:55–68;
DOI: 10.2353/ajpath.2006.050333)

Because it is permanently exposed to airborne pollutants,
the airway epithelium can be locally injured and remod-
eled. In vivo and in vitro models of airway epithelial injury
and wound repair have shown that the spread and mi-
gration of poorly differentiated epithelial cells neighbor-
ing the wound margin are the first major events in the
wound repair process, allowing the recovery of the de-
nuded extracellular matrix.1,2 Cell migration is essential
for the rapid reconstitution of a cohesive epithelial struc-
ture. Indeed, rapidly after migrating cells have covered
the denuded wounded area, the barrier integrity of the
bronchial epithelium is restored.3

Among the numerous cellular and molecular factors
involved in cell migration, nicotinic acetylcholine recep-
tors (nAChRs) have been shown to positively or nega-
tively regulate cell migration. The nAChRs are a family of
ionotropic receptor proteins formed by five �/� homolo-
gous or five � identical subunits.4 Cells from the surface
bronchial epithelium have been shown to contain �3, �4,
�5, �7, �2, and �4 subunits of nAChRs.5–8 Patch-clamp
experiments demonstrated that human bronchial epithe-
lial cells (HBECs) in culture expressed functional nAChRs
with ion-gating properties similar to those of nAChRs
formed by �3, �5, and �2 or �4 subunits, also referred to
as the �3�2-nAChRs.4,6 In addition, HBECs express the
�7-nAChR.7 These nAChRs mediate the effects of en-
dogenous acetylcholine (ACh) and exogenous nicotine.
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It is now established that ACh may function as an
autocrine or paracrine signaling molecule in a variety
of nonneuronal tissues.9,10 ACh is synthesized and
secreted by airway bronchial epithelial cells.8 These
cells contain all of the components for a nonneuronal
autocrine/paracrine cholinergic loop: the choline high-
affinity transporter, which allows choline to enter the
cells; the enzyme choline acetyltransferase, which syn-
thesizes ACh from free cytosolic choline and acetylco-
enzyme A; and the vesicular ACh transporter, which
packages ACh into vesicles in neurons11 but whose
role in HBECs remains to be established.8 –10 Cultures
of HBECs also confirm the synthesis and secretion of
ACh and the activity of cholinesterases that degrade
ACh.8

ACh and/or nicotine regulate bronchial epithelial cell5,6

and keratinocyte12,13 adhesion; are chemotactic for pul-
monary neutrophils,14 vascular smooth muscle cells,15

and spermatozoa;16 regulate neurite outgrowth and mo-
tility;17,18 inhibit keratinocyte19 or cerebellar granule cell
migration;20 or have no effect on gastric epithelial cell21

or breast carcinoma cell22 migration. Different nAChRs
may play opposing roles in nicotinergic control of cell
migration. For example, �3- and �7-nAChRs regulate
keratinocyte chemokinesis and chemotaxis, respectively,
with nicotine inhibiting random migration but stimulating
directional migration.23

When exposed to mecamylamine, a noncompetitive
nAChR antagonist that more efficiently blocks �/� het-
eromers than �7-nAChR,24 or to �-bungarotoxin, a se-
lective and slowly reversible antagonist of �3/�2-
nAChR,25 HBECs in culture progressively shrink,
detach their flat cytoplasmic extensions from the un-
derlying extracellular matrix, and detach from neigh-
boring cells, effects that are reversed after removing
the antagonists from the culture medium.5,6 Because of
such findings and because modifications of cell-cell
and cell-extracellular matrix contacts contribute to cell
migration, we investigated the potential role of nAChRs
during HBEC migration and wound repair of the human
bronchial epithelium.

Materials and Methods

Source of Bronchial Tissue

Human bronchial tissues from patients (mean � SD; age,
69 � 5 years; range, 48 to 84 years) undergoing surgery
for bronchial carcinoma were obtained from microscop-
ically normal areas distant from the tumor. Immediately
after excision, the samples were immersed in Ham F-12/
Dulbecco’s modified Eagle’s medium (1/3, v/v) (Gibco
BRL, Paisley, Scotland) supplemented with 100 U/ml
penicillin, 100 �g/ml streptomycin (Gibco), and 25 �g/ml
gentamicin (Sigma Aldrich Chimie, L’Isle d’Abeau
Chesnes, France). Specimens were then either pro-
cessed for cell isolation or for an ex vivo wound repair
model.

Cell Culture

HBECs were isolated and cultured as previously de-
scribed with some modifications.26 Briefly, the bronchial
tissues were digested overnight at 4°C with 0.1% Pro-
nase E, and dissociated cells were resuspended in cul-
ture medium, which consisted of Ham F-12/Dulbecco’s
modified Eagle’s medium (1/3, v/v) supplemented with
0.87 �mol/L bovine insulin, 65 nmol/L human transferrin,
1.6 nmol/L recombinant human epidermal growth factor,
1.38 �mol/L hydrocortisone, 30 nmol/L retinyl acetate, 9.7
nmol/L 3,3�,5-triiodo-L-thyronine, 2.7 �mol/L (�)epineph-
rine, 35 �g/ml bovine pituitary extract, 5 �mol/L ethanol-
amine, 5 �mol/L o-phosphorylethanolamine, 30 nmol/L
sodium selenite, 1 nmol/L manganese chloride, 0.5
�mol/L sodium metasilicate, 1 nmol/L ammonium molyb-
date, 5 nmol/L ammonium vanadate, 1 nmol/L nickel
sulfate, 0.5 nmol/L stannous chloride, 100 U/ml penicillin,
and 100 �g/ml streptomycin (all reagents from Sigma), as
previously described.27 Isolated cells were either seeded
on four-well Lab-Tek II chambered coverglasses (Nalge
Nunc, Naperville, IL) to study cell migration or intracellu-
lar calcium on 12-well plates (Beckton Dickinson, Le Pont
de Claix, France) to evaluate wound repair index, or on
18-mm glass coverslides (VWR Int., Fontenay-sous-Bois,
France) for immunocytochemistry. All culture surfaces
were coated with rat tail type I collagen and prepared in
the presence of 0.25 �g/ml carbodiimide as previously
described.26 Fetal calf serum (10%) was added to the
culture medium during the first 15 hours after seeding to
facilitate cell adhesion. Cells were cultured at 37°C in a
humidified incubator in the presence of 5% CO2 and 95%
air. Confluent primary cultures of HBECs were generally
obtained after 1 to 2 days.

Wound Repair Models

In Vitro Wound Repair Model

Primary cultures of confluent HBECs were locally in-
jured by depositing a 1-�l drop of 1 mol/L sodium hy-
droxide at the center of the culture as previously de-
scribed.26 Sodium hydroxide was rapidly neutralized with
phosphate-buffered saline (PBS) and a circular wound
area of �30 mm2 resulted from the sodium hydroxide-
induced cellular lysis. Evolution of the remaining sur-
face of the wound area was examined every day
with an SMZ-U binocular microscope (Nikon France,
Champigny-sur-Marne, France), and the corresponding
wound area was calculated using a graphic table and the
Scion Image software program (National Institutes of
Health, Bethesda, MD). The linear relationship between
the wound surface and time was used to calculate a
wound repair index, corresponding to the decrease in
wound surface per hour. When the wound had repaired
30 to 60% of its initial surface (1 to 2 days), cultures were
then processed for the measurement of cell migration,
intracellular calcium concentration, or immunofluores-
cence labeling studies as follows. Before fixation, HBEC
cultures were rapidly washed in PBS. Cultures were then
either fixed for 10 minutes in methanol at �20°C or se-
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quentially fixed for 5 minutes in 3.7% paraformaldehyde
in PBS, washed in PBS, incubated for 5 minutes in 0.1
mol/L glycine in PBS, washed in PBS, permeabilized for 1
minute with 0.5% Triton X-100, rinsed in PBS, and stored
at 4°C until used.

Ex Vivo Wound Repair Model

Freshly collected human bronchial tissue samples,
�10 � 10 mm, were locally injured with a metallic probe
(2 mm in diameter), frozen with liquid nitrogen, and ap-
plied for 10 seconds to the tissue sample with a cali-
brated pressure of 33 kPa. Under these conditions, only
cells of the surface epithelium were damaged and des-
quamated. In a previous study, we observed that the
basement membrane in the wound area remains intact,
as demonstrated by the presence of immunoreactive
laminin and type IV collagen as a continuous thin layer in
the damaged area.28 After wound induction, tissue sam-
ples were maintained in culture for 1 to 2 days in culture
medium. After 1 day in culture, the epithelial cells mi-
grated to the wound edge to begin repair, appearing as
flat cells.28,29 At that time, cultures were fixed for 1 hour at
4°C in 4% paraformaldehyde in PBS, incubated 1 hour in
5% sucrose in PBS, 1 hour in 10% sucrose, 15 hours in
20% sucrose, embedded in Tissue Tek OCT compound
(Sakura, Zoeterwoude, The Netherlands), and frozen in
liquid nitrogen.

Cell Migration Quantification

After wound induction, the wounded culture was placed
in a small transparent culture chamber of an IM35 in-
verted microscope (Zeiss, Oberkochen, Germany).
Phase contrast micrographs of repairing cultures fo-
cused at the wound edge were taken at regular intervals.
The images were digitized as 512 � 512 pixels and 8-bit
array using a Sparc-Classic (Sun Microsystems, Moun-
tain View, CA) workstation equipped with an XVideo card
(Parallax Graphics, Santa Clara, CA). Cell migration was
quantified using a previously described software30 with
three main functions: the detection of cell nuclei, the
computation of the trajectories of these nuclei, and the
analysis of these trajectories. From the trajectory of each
nucleus, the computer calculated the cell migration
speed.

When analyzing the effect of nAChR agonists or an-
tagonists (nicotine, ACh, mecamylamine, and �-bunga-
rotoxin from Sigma; �-conotoxin MII synthesized by
Genepep, Montpellier, France; �-bungarotoxin from Bio-
toxin Inc., St. Cloud, France) on HBEC migration, we
restricted migration assessment to a population of cells
located close to the edge of the wound, ie, within a
distance corresponding to approximately one to two cells
starting from the edge of the wound. Indeed, we previ-
ously observed that cell migration speed progressively
decreases as the distance of the cells from the wound
edge increases.30

Immunocytochemistry

Sections of frozen bronchial tissues were cut (5 �m thick)
at �20°C in a 2800 Frigocut cryostat (Cambridge In-
struments, Nussloch, Germany) and transferred to gel-
atin-coated slides. Tissue sections and HBEC cultures
undergoing repair were immunoreacted with specific
polyclonal (Ab) or monoclonal (mAb) antibodies using
an indirect immunofluorescence labeling technique. All
incubations were conducted at room temperature.

The following antibodies were used to localize
nAChR subunits and choline acetyltransferase in re-
pairing bronchial tissues or HBEC cultures: rat mAb-
210 (�1,3,5; 10 �g/ml) mAb-268 (�5, 10 �g/ml), and
mAb-290 (�2, 10 �g/ml) from Sigma; mouse mAb-8A4
(�4, 1:40; Novocastra Laboratories, Newcastle on
Tyne, UK); goat C-18-Ab (�3, 10 �g/ml), D-19-Ab (�5,
10 �g/ml), C-20-Ab (�2, 5 �g/ml), and rabbit H-302-Ab
(�7, 10 �g/ml), all from Santa Cruz Biotechnology,
Santa Cruz, CA; and mouse mAb-5270 (choline acetyl-
transferase, 20 �g/ml; Chemicon, Temecula, CA). Non-
specific binding was blocked for 30 minutes with 3%
bovine serum albumin (BSA) in PBS. The samples were
then incubated for 60 minutes with the primary antibod-
ies prepared in 1% BSA in PBS (PBS-BSA). After two
washes in PBS for 5 minutes, and one wash in PBS-
BSA for 5 minutes, the samples were incubated with
biotinylated secondary antibodies (Jackson Immu-
noResearch, West Grove, PA) diluted 1/100 in PBS-
BSA for 60 minutes and then incubated with Alexa
488-streptavidin (Molecular Probes, Eugene, OR) di-
luted 1/50 in PBS for 30 minutes. We verified the ab-
sence of cross-reactivity by incubating control cultures
and tissue sections with nonimmune IgG instead of the
primary antibody. After immunolabeling, cultures were
counterstained with Harris hematoxylin (Diagnostica
Merck, Darmstadt, Germany) and mounted in Citifluor
anti-fading solution (Agar Scientific, Essex, UK). All
fluorescence-labeled preparations were examined with
an Axiophot microscope (Zeiss) using successive epi-
fluorescence and Nomarski differential interference
illumination.

Identification of [125I]-Epibatidine Binding Sites
in the Bronchial Epithelium

Sections of frozen bronchial tissues were cut (20 �m
thick) at �20°C, transferred to SuperFrost Plus slides
(Kindler, Freiburg, Germany), and kept at �20°C until
use. Sections were incubated at room temperature with
200 pmol/L [125I]-epibatidine (specific activity 2200 Ci/
mmol; Perkin Elmer, Boston, MA) in 50 mmol/L Tris, pH
7.4, for 30 minutes. After incubation, sections were rinsed
twice for 5 minutes in the same buffer and briefly in
ice-cold distilled water. Nonspecific binding was mea-
sured in the presence of 1 mmol/L nicotine. Sections
were then exposed to Kodak Biomax films (Kodak Pathé,
Paris, France) for 80 hours. Sections were stained using
carbol toluidine blue (Réactifs RAL, Martillac, France).
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Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analyses

RNA was extracted from migrating HBECs with High Pure
RNA isolation kit as recommended by the manufacturer
(Roche Diagnostics GmbH, Mannheim, Germany). RNA
concentrations were measured with the Ribogreen kit
(Molecular Probes). RT-PCR was performed with 10 ng of
total RNA by using the Thermostable rTth Reverse Tran-
scriptase RNA PCR kit (Applied Biosystems, Foster City,
CA). Primers were designed to amplify specific members
of the nAChR gene family using GenBank sequences or
previously designed primers as mentioned. Their se-
quences and expected product size (in parentheses)
were as follows: �3, 5�-AGCAACGAGGGCAACGCTCA-
GAA-3� and 5�-CAGAACTAGAGCTTCTCGTGAGGT-3�
(195 bp); �4, 5�-TGGGTGAAGCAGGAGAGTGG-3� and
5�-AGTCCAGCTGGTCCACG-3� (346 bp);6 �5, 5�-GTG-
GTAGTGGACCAAAATCTTCTA-3� and 5�-GCCCAAGA-
GATCCAACAATTGAAA-3� (191 bp); �7, 5�-CAGTCT-
TACTCTCTCTTACCGTCT-3� and 5�-GCACCAGTTCA-
GAAGGATGACTC-3� (217 bp); �2, 5�-CAGCTCATCAG-
TGTGCA-3� and 5�-GTGCGGTCGTAGGTCCA-3� (347
bp);12 and �4, 5�-TCGATGTGCCTCTCATCGGCAA-3�
and 5�-GCTTGGTCACGCATGACTTGCT-3� (239 bp). All
PCR products were verified by sequencing (SeqLab,
Göttingen, Germany).

Measurement of [Ca2�]i
The concentration of [Ca2�]i in migrating HBECs was
measured with the calcium-sensitive Fura-2 acetoxy-
methyl ester by the fluorescence ratiometric method with
modifications.5 Cells were cultured in four-well Lab-Tek II
chambered coverglasses, were loaded with 3 �mol/L
Fura-2 (Molecular Probes) in culture medium containing
20 mmol/L HEPES for 60 minutes, washed in the same
medium, and allowed to recover in a 5% CO2 incubator at
37°C for 60 minutes. The chamber slide was placed on
the preheated stage (37°C) of an inverted Nikon TE300
microscope equipped with an incubator chamber. The
Fura-2 fluorochrome was excited every 10 or 20 seconds
and sequentially at wavelengths of 340 and 380 nm gen-
erated by a Polychrome II monochromator (TILL Photon-
ics, Planegg, Germany); the emission at 510 nm was
detected with a �40 Plan Fluor objective (Nikon) and a
cooled charge-coupled device camera (Micromax;
Roper Scientific, Evry, France). In all experiments, incre-
ments of [Ca2�]i evoke a positive signal at 340 nm and a
negative signal at 380 nm. The wavelengths of excitation
and emission, the time course of image acquisition, and
the image treatment were controlled by the computer
software Metafluor (Universal Imaging, West Chester,
PA). The fluorescence was quantified by averaging pixel
intensities in the area of interest and by subtracting back-
ground fluorescence, corresponding to a wound area
devoid of cells.

For [Ca2�]i calculations, R � F340 /F380, Rmin (0%
saturation of the dye with Ca2�) and Rmax (100% sat-

uration with Ca2�) were determined. At the end of each
acquisition, Rmax was obtained by adding 5 �mol/L
ionomycin (Sigma) to the culture medium, and Rmin was
obtained after removing ionomycin, washing the cells
with culture medium, and incubating the cells for 10
minutes in 5 mmol/L EGTA (Sigma). R, Rmax, and Rmin

were calculated from image acquisitions derived from
the same group of cells and the same background
area. [Ca2�]i was calculated with the following equa-
tion: [Ca2�]i � KD � Fmin/Fmax � [(R � Rmin)/(Rmax �
R)], where R is the fluorescent ratio, Rmax is the maxi-
mum ratio value, and Fmax is F380 measured at high
[Ca2�]i in the presence of 5 �mol/L ionomycin, and
Rmin is the minimum ratio value, and Fmin is F380 mea-
sured at low [Ca2�]i in the presence of 5 mmol/L EGTA,
and KD is the dissociation constant of the Ca2� binding
to Fura-2 (224 nmol/L).31

Immunoprecipitation and Western Blotting

Proteins in migrating HBECs present in cultures de-
rived from four different bronchial samples were ex-
tracted in RIPA buffer [50 mmol/L Tris, pH 7.4, 150
mmol/L NaCl, 1% Igepal (v/v), 1% sodium deoxy-
cholate (w/v), 0.1% sodium dodecylsulfate (w/v)] con-
taining complete protease inhibitor cocktail (Roche Di-
agnostics GmbH, Mannheim, Germany). Lysates were
pooled and cleared by spinning at 12,500 � g for 10
minutes. Protein concentrations were determined with
the BCA protein assay reagent (Pierce, Rockford, IL).
Proteins were preincubated with protein G-Sepharose
CL-4B beads (Amersham Biosciences, Saclay, France)
by rocking 1 hour at 4°C. These beads were discarded,
and the supernatant (500 �g protein) was incubated
with 1 �g of one of the following goat polyclonal
nAChR-specific antibodies (C-18-Ab to �3, D-19-Ab to
�5, or C-20-Ab to �2) or 1 �g control IgG for 3 hours on
a rotating wheel at 4°C. Protein G-Sepharose beads
were then added, and the samples were incubated for
1 hour at 4°C. Beads were washed six times in lysis
buffer and boiled in Laemmli sample buffer, and pro-
teins were separated on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels under reduc-
ing conditions using the Bio-Rad Mini-PROTEAN II
electrophoresis system (Bio-Rad, Hercules, CA) and
transferred to Immobilon polyvinylidene difluoride
membrane (Millipore) using the Bio-Rad Mini Trans-
Blot system. Blots were incubated for 1 hour in block-
ing buffer (5% low-fat milk powder, 0.1% Tween-20 in
PBS) and then incubated overnight at 4°C with one of
the following antibodies diluted in blocking buffer:
mAb-210 (�1,3,5), mAb-268 (�5), or mAb-290 (�2).
The membranes were incubated with a horseradish
peroxidase-conjugated rabbit anti-rat antibody (DAKO,
Glostrup, Denmark). Signal was detected with ECL�
kit (Amersham Biosciences) and quantified with a Las-
1000� camera (Raytest France, Courbevoie, France).
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Results

�3�5�2-nAChRs Are Overexpressed in
Migrating HBECs

We studied the distribution of nAChRs in ex vivo epithelia
undergoing repair. In normal pseudostratified epithelium
located away from the wound, nAChRs could be de-
tected with both the anti-�1,3,5 mAb-210 and the anti-�2
mAb-290 antibody in the basal layer of the epithelium

(Figure 1). These basal cells were weakly labeled by the
antibodies compared to epithelial cells migrating to cover
the wounded area. Cells that were positive for �1,3,5 and
�2 subunits, both in the normal epithelium and in migrat-
ing cells, could be identified as basal cells as a result of
their immunoreactivity for antibodies specific for cytoker-
atins 13 and 14 (data not shown). At the lesion edge, we
observed the transition between the thick pseudostrati-
fied epithelium and the flat epithelial layer spreading over
the denuded wounded surface. In this transition region,

Figure 1. Identification of nicotinic receptors in repairing bronchial tissues. Normal human epithelium was locally wounded and maintained in culture for 1 day
as described in Materials and Methods. The localization of nAChRs was studied by immunofluorescence using the rat mAb-210, specific for the �1, �3, and �5
subunits (top), or the rat mAb-290 monoclonal antibody, specific for the �2 subunit (bottom), with Alexa Fluor 488 conjugate (green color in dark panels). Left
column: Stationary cells in the unwounded pseudostratified normal epithelium. Middle column: Migrating cells in the wounded area. Right column: Transition
area between the normal unwounded epithelium and the migrating cells. Scale bars, 20 �m.
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flat migrating basal cells were more intensely labeled for
the presence of nAChRs than cuboidal basal cells in
normal epithelium. High magnification of �2 subunit la-
beling revealed that �2 was distributed both in the cyto-
plasm and at the cell surface in basal cells, suggesting
that the mAb-290 antibody recognized both immature
cytoplasmic and mature membranous forms of �2-
nAChRs (Figure 2, A and B). Immunoreactivity for �2-
nAChRs was observed essentially in basal cells of the

surface bronchial epithelium, with some peripheral glan-
dular cells in the submucosa also weakly labeled (Figure
2, F and G). Epibatidine is a potent nicotinic agonist with
high affinity for human �3�2- and �3�4-nAChRs.32 When
used at a 200 pmol/L concentration, [125I]-epibatidine
binds to the cells present at the surface of bronchial
epithelium (Figure 2C). The binding of epibatidine
was abolished in the presence of 1 mmol/L nicotine
(Figure 2E).

Figure 3. Identification of nAChRs and choline acetyltransferase in repairing HBEC cultures. One day after injuring primary cultures of HBECs, cultures were fixed
and evaluated, using immunofluorescent labeling techniques with Alexa Fluor 488 conjugates, for the distribution of nAChR subunits with the following
antibodies: C-18-Ab for �3 subunit (A), mAb-8A4 for �4 subunit (B and C), D-19-Ab for �5 subunit (D), H-302-Ab for �7 subunit (E and F), mAb-210 for �1,3,5
subunits (G), mAb-290 for �2 subunit (H). The presence of choline acetyltransferase (CHAT) was also evaluated with the mAb-5270 (I). Micrographs correspond
to the edge of the wounds (A, B, D, E, G–I) or to stationary cells in the unwounded area (C and F). Arrows in F point to ciliated cells. Scale bars: 50 �m (A,
D, H); 25 �m (B, C, E–G, and I).

Figure 2. Localization of �2-nAChRs and of binding sites for [125I]-epibatidine in the bronchial epithelium. The localization of the �2 subunit of nAChRs was
evaluated using an immunofluorescent labeling technique with the mAb-290 antibody in 5-�m-thick (A and B) or 20-�m-thick (F and G) sections of human
bronchial tissues. Binding sites for epibatidine were identified in 20-�m-thick sections in the absence (C) or presence (E) of 1 mmol/L nicotine, as described in
Materials and Methods. C, E, and F correspond to serial 20-�m sections of the same bronchial tissue. A, D, and G depict hematoxylin (A and G) or toluidine blue
(D) staining of sections corresponding to immunofluorescence or autoradiography presented in B, C, and F, respectively. SE, surface epithelium; Gl, submucosal
glands; Ca, cartilage. Scale bars: 10 �m (A, B); 1 mm (C–E); or 100 �m (F, G).
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When primary and confluent cultures of HBECs were
locally wounded, cells at the edge of the wound rapidly
spread and migrated to cover the denuded area.1,26,30

During the wound repair process, the �3, �5, and �2 sub-
units of nAChRs were predominantly found in cells lining the
wound edge and migrating onto the damaged area (Figure
3, A, D, G, and H). We could not detect the �4 subunit in
migrating cells or in confluent stationary cells (Figure 3, B
and C). Subunit �7 was not observed in migrating cells
(Figure 3E) but was detected in areas of confluent and
differentiated cells, as confirmed by the presence of ciliated
cells (Figure 3F). Choline acetyltransferase, the enzyme that
mediates ACh synthesis, was detected in the cytosol of
both migrating and stationary cells (Figure 3I).

Because �3, �5, and �2 subunits, along with �4 subunit,
have been shown to be present in the same pentameric
form of nAChR, at least in neurons,33 we investigated the
possible association between �3, �5, and �2 in migrating
HBECs. The co-assembly of �3, �5, and �2 subunits was
demonstrated by immunoprecipitating nAChRs from pro-
tein extracts of migrating HBECs with subunit-specific poly-
clonal antibodies (C18-Ab to �3, D19-Ab to �5, and C20-Ab
to �2) and then detecting the precipitated subunits by West-
ern blots using another set of subunit-specific monoclonal
antibodies (mAb-210 to �1,3,5; mAb-268 to �5; and mAb-
290 to �2). Each time we precipitated one of the three
subunits (�3, �5, or �2), we were able to detect the other
two subunits on the immunoblots (Figure 4), suggesting that
�3, �5, and �2 subunits were co-assembled in the same
nAChR, the �3�2-nAChR, in migrating HBECs. The three
subunits detected by immunoblot, had molecular masses
(56 to 57 kd) that corresponded to the expected sizes
deduced from their cDNA sequences (57.2 kd for �3, 56.3
kd for �5, and 56.9 kd for �2). Other proteins with molecular
masses 60 to 70 kd were also detected on immunoblots
even in the presence of a control precipitating antibody but
were not detected in the absence of precipitating antibody,
suggesting that these proteins nonspecifically bound IgG
molecules during the immunoprecipitation. Immunoprecipi-
tation with the D19 anti-�5 antibody resulted in a more
intense band on the three immunoblots compared with the
C18 and C20 antibodies, suggesting that �3�5�2-nAChR
immunoprecipitation was more efficiently achieved with the
D19 antibody.

By using RT-PCR techniques, we confirmed the
presence of transcripts for �3, �5, �7, and �2 subunits
of nAChRs in migrating HBECs. The �4 subunit, for
which we had no available antibody, could also be
detected as mRNA transcript in migrating cells. The
primers for the �3, �5, �7, �2, and �4 subunits yielded
products of expected size whereas the �4 primers did
not yield PCR products (Figure 5).

The in Vitro Wound Repair of the Bronchial
Epithelium Is Modulated by Agonists and
Antagonists of �3�5�2-nAChRs

Because �3�5�2-nAChRs were more markedly identified
in HBECs when they migrated to repair a wound in both
ex vivo and in vitro models, we hypothesized that nAChRs

were involved in the wound repair process. We tested
whether a modulation of nAChR activity, by agonists or
antagonists, influenced the wound repair process. By
using an in vitro model of bronchial epithelium wound
repair, we quantified the speed of the wound closure in
the presence of nAChR agonists (nicotine and ACh) or
antagonists (mecamylamine, a noncompetitive revers-
ible antagonist of �/� heteromer nAChRs; �-bungaro-
toxin, a highly selective antagonist of �7-nAChR;34

�-conotoxin MII, a highly selective antagonist of the
�3�2-nAChRs;35,36 and �-bungarotoxin, a selective
and slowly reversible antagonist of �3�2 neuronal
nAChRs37). After a 15 hour-exposure to 1 mmol/L nic-
otine or ACh, we observed a more rapid wound clo-
sure; however, the wound repair speed was reduced in
the presence of 1 mmol/L mecamylamine or 1 �mol/L
�-bungarotoxin (Figure 6, micrographs in A). The
wound repair index increased in the presence of 10�5

to 10�3 mol/L nicotine (10�5 mol/L: �9.6%, P �
0.0389; 10�4 mol/L: �18%, P � 0.0201; 10�3 mol/L:
�25.2%, P � 0.0201) or ACh (10�5 mol/L: �14.6%,
P � 0.0201; 10�4 mol/L: �23.6%, P � 0.0201; 10�3

mol/L: �34.6%, P � 0.0201). The wound repair index
was decreased in the presence of 10�5 to 10�3 mol/L
mecamylamine (10�5 mol/L: �18%, P � 0.0201; 10�4

mol/L: �46%, P � 0.0201; 10�3 mol/L: �76%, P �
0.0201), in the presence of 1 or 10 �mol/L �-conotoxin
MII (�17%, P � 0.0201; �49%, P � 0.0201; respec-
tively) and in the presence of 0.1 or 1 �mol/L �-bun-
garotoxin (�38%, P � 0.0201; �73%, P � 0.0201,
respectively) (Figure 6B). Because �-bungarotoxin
more efficiently inhibited �3�5�2-nAChR-mediated
wound repair than �-conotoxin MII, �-bungarotoxin
was preferred to �-conotoxin MII in the following
experiments.

Antagonists of �3�5�2-nAChRs Decrease the
in Vitro Migration of HBECs

We quantified and studied cell migration speeds at the
edge of the wound and investigated the effect of
mecamylamine, �-bungarotoxin, and �-bungarotoxin. Af-
ter exposure of cells to mecamylamine, the cell migration
speed at the edge of the wound progressively declined
(Figure 7A), the effect of mecamylamine being dose- and
time-dependent (Figure 7B). After a 1-hour exposure to 1
mmol/L mecamylamine, we observed a 55% decrease in
the cell migration speed. The effect of mecamylamine
was reversible as cells rapidly returned to a normal mi-
gration speed after mecamylamine was removed from
the culture medium (Figure 7C). In the presence of 1
�mol/L �-bungarotoxin, the migration speed of the cells
also progressively declined, with a 45% decrease in cell
migration speed after a 1-hour exposure to �-bungaro-
toxin. Exposure of migrating HBECs to 10 �mol/L �-bun-
garotoxin had no significant effect on cell migration
throughout a 1-hour incubation period (Figure 7D).
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�3�5�2-nAChRs Modulate Intracellular Calcium
in Migrating HBECs

Nicotinic receptors belong to the family of ligand-gated
multisubunit ion channels, activation of which mediates the
entrance of monovalent or divalent cations into the cell.
Because Ca2� plays a crucial role in regulating many func-
tions in HBECs38 and is involved in the regulation of cell
migration,39,40 we studied the variations in [Ca2�]i in migrat-
ing HBECs on exposure to nicotine. The addition of 1
mmol/L nicotine to the medium of HBEC cultures undergo-
ing wound repair rapidly increased [Ca2�]i in migrating
cells (Figure 8). The amplitude of [Ca2�]i increase was more
pronounced in the cells lining the wound edge (zone 1 in
Figure 8A), with [Ca2�]i rising from 50 nmol/L to 170 nmol/L.
In cells located away from the wound edge, [Ca2�]i did not
rise greater than 70 nmol/L after the addition of nicotine
(Figure 8B). The increase in [Ca2�]i was transient because
it lasted �1 minute (Figure 8, B and C). The effect of
nicotine on [Ca2�]i was dose-dependent because 0.5 and
1 mmol/L concentrations of nicotine elicited a progressive

increase in [Ca2�]i (�158%, P � 0.02 and � 281%, P �
0.02, respectively) (Figure 9, A–D). We did not observe any
significant variations in [Ca2�]i on exposure with nicotine
concentrations lower than 0.5 mmol/L. The effect of nicotine
on [Ca2�]i could be prevented by preincubating cells
with 1 mmol/L mecamylamine (Figure 9E). The effect of
mecamylamine was reversible because the nicotine-in-
duced increase in [Ca2�]i in migrating cells could be par-
tially restored after removing mecamylamine from the cul-
ture medium (Figure 10). The nicotine-induced increase of
[Ca2�]i in migrating cells was completely abolished in the
presence of 1 mmol/L mecamylamine (Figures 9E and 10)
but did not significantly change after a 60-minute exposure
to 1 or 10 �mol/L �-bungarotoxin (Figure 9, F and G). On the
contrary, �-bungarotoxin prevented 88% of the nicotine-
induced increase of [Ca2�]i in migrating cells at a 1 �mol/L
concentration (Figure 9I).

Discussion

Our results suggest that �3�5�2-nAChRs contribute to
the wound repair of the human bronchial epithelium

Figure 4. Immunoblot analysis showing that �2 associates with �3 and �5
subunits of nAChRs in migrating HBECs. Nicotinic receptors were solubilized
in RIPA buffer from migrating HBECs in culture and immunopurified from
cell extracts with the following antibodies: goat C-18-Ab for �3 subunit, goat
D-19-Ab for �5 subunit, goat C-20-Ab for �2 subunit, control goat IgG, or in
absence of antibody (no IgG). Samples were analyzed by immunoblot
technique for their reactivity with the following rat monoclonal antibodies:
mAb-210 for �1,3,5 subunits, mAb-268 for �5 subunit, and mAb-290 for �2
subunit, as described in Materials and Methods. Molecular weights of stan-
dard proteins (Bio-Rad) have been reported on the right.

Figure 5. Detection of �3, �5, �7, �2, and �4 subunit transcripts of nAChRs
in cultured HBECs by RT-PCR. RT-PCR experiments were performed using
RNA extracted from migrating HBECs in culture and primers specific for the
different neuronal nAChR subunits, as indicated. The positions of a 100-bp
ladder are reported on the right.

Figure 6. Effect of nicotinic agonists and antagonists on the wound repair of
HBECs in culture. Immediately after wounding, primary HBEC cultures were
exposed for 15 hours to different concentrations (10�7 to 10�3 mol/L) of
nicotinic receptor agonists (nicotine and ACh) or antagonists (mecamylamine,
�-bungarotoxin, �-conotoxin MII, and �-bungarotoxin). The wound repair in-
dex was then calculated for each condition, as described in Materials and
Methods. A: Phase contrast micrographs of repairing cultures at the end of the
experiment in the control condition or in the presence of 1 mmol/L nicotine, 1
mmol/L ACh, 1 mmol/L mecamylamine, 10 �mol/L �-bungarotoxin, or 1 �mol/L
�-bungarotoxin. B: During the wound repair process, the wound repair index
was evaluated in each condition and compared (Mann-Whitney test) to the same
parameter in the control experiment: *P � 0.05. Each condition (mean � SD)
was run in triplicates. Scale bar, 1 mm.
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based on the following data. First, the expression of �3,
�5, and �2 subunits of nAChRs is up-regulated in migrat-
ing cells in both ex vivo and in vitro models of human
bronchial epithelium injury and repair. Second, the nico-
tinic agonists nicotine and ACh accelerate the wound
repair process Third, mecamylamine, a preferential an-
tagonist of �/� heteromer nAChRs, and selective antag-
onists of �3/�2 neuronal nAChRs, �-conotoxin MII, and
�-bungarotoxin, delay the wound repair process. Addi-

tionally, �-bungarotoxin decreases the migration speed
of in vitro repairing epithelial cells, whereas �-bungaro-
toxin, an �7-nAChR antagonist, has only a minor effect on
the in vitro cell migration and wound repair process.
Fourth, exposure of repairing HBEC cultures to nicotine
results in a transient increase in intracellular calcium in
elongated migrating cells that are located close to the
edge of the wound. Finally, the nicotine-induced increase
in [Ca2�]i in migrating cells is blocked by mecamylamine

Figure 7. Effect of mecamylamine, �-bungarotoxin, and �-bungarotoxin on HBEC migration. One day after injury of primary cultures of HBECs, cell migration
was measured as described in Materials and Methods. A: Phase contrast micrograph of migrating HBECs at the beginning of the experiment and trajectories of
individual cells during the control period (in white) and in the presence of 1 mmol/L mecamylamine (in black), corresponding to the values reported in B (1
mmol/L Mec). Migration speeds of the cells (n � 30) located at the edge of the wound were determined every 20 minutes (B and D) or 10 minutes (C) throughout
a 60-minute (B and D) or 40-minute (C) control period. B: At 60 minutes, 0.1 mmol/L (filled triangles) or 1 mmol/L (filled diamonds) mecamylamine (�Mec)
or its vehicle (culture medium, filled squares) was added to the culture medium, and the migration speeds of the same cells were monitored throughout an
additional 60-minute period. C: At 40 minutes, 1 mmol/L mecamylamine (�1 mmol/L Mec) was added to the culture medium, and the migration speeds of the
same cells were monitored throughout an additional 40-minute period. At 80 minutes (wash), mecamylamine was removed, cells were washed with fresh culture
medium and the migration speeds of the same cells were monitored again throughout an additional 40-minute period. D: At 60 minutes, 10 �mol/L �-bungarotoxin
(filled triangles) or 1 �mol/L �-bungarotoxin (filled diamonds) (�Bung) or their vehicle (culture medium, filled squares) were added to the culture medium,
and the migration speeds of the same cells were monitored throughout an additional 60-minute period. Each bar represents the mean � SD of the migration speed
of 30 cells. Cell migration at each time and in the presence of mecamylamine, �-bungarotoxin, or �-bungarotoxin was compared (paired t-test) to cell migration
during the control period: *P � 0.05, **P � 0.01, ***P � 0.001. Scale bar, 40 �m.
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and �-bungarotoxin but unchanged in the presence of
�-bungarotoxin.

Our results demonstrate that the �3�5�2-nAChR is
involved in bronchial epithelium wound repair, whereas
the �7-nAChR does not seem to play any crucial role in
this process. The specific antagonist of the �7-nAChR,
�-bungarotoxin, did not induce a significant decrease in
the wound repair index, even when tested at a 10 �mol/L
concentration. Contrary to the �3�5�2-nAChR, the �7-
nAChR was not identified in migratory HBECs but, rather,
was concentrated on the lateral cell border of confluent
cells located away from the wound edge. These highly

packed cells were shown to be differentiated, as con-
firmed by the presence of numerous ciliated cells. On the
other hand, wound-repairing migrating HBECs are char-
acterized by a dedifferentiated phenotype1 with some
mesenchymal properties.29 The �7-nAChR plays a cen-
tral role in the late stages of keratinocyte differentiation in
the epidermis by regulating expression of the cell-cycle
progression, apoptosis, and terminal differentiation
genes.41 In cultured keratinocytes, �7-immunoreactive
cells are large immotile cells in contrast to the small
highly mobile cells immunostained with the �3, �5, and
�2 antibodies.42 From these observations, we conclude

Figure 8. Nicotine increases the [Ca2�]i in migrating HBECs in culture. One day after injuring primary cultures of HBECs, cells were loaded with 3 �mol/L Fura-2
for the measurement of [Ca2�]i as described in Materials and Methods. The [Ca2�]i was recorded every 10 seconds throughout a 200-second period in three
different zones as reported in A. Zone 1 corresponds to cells lining the wound edge; zones 2 and 3 correspond to the second and third lines of cells from the
wound edge, respectively. The red line in A corresponds to the forefront of the cellular protrusions lining the wound edge. Arrows point at lamellipodia of three
advancing cells. B: Evolution of [Ca2�]i in zones 1, 2, and 3. Nicotine (1 mmol/L) was added to the culture medium 20 seconds after the beginning of [Ca2�]i
recording. C: Pseudocolor calcium ratio (340/380 nm; blue, low [Ca2�]i; yellow, high [Ca2�]i), images were taken at 10, 25, 50, 75, 100, and 150 seconds after
addition of 1 mmol/L nicotine. Scale bars, 20 �m.
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that the �3�5�2-nAChR and �7-nAChR may be involved
in HBEC migration and differentiation, respectively. Re-
cently, Chernyavsky and colleagues23 have observed
that the �3�2-nAChR regulates in vitro the keratinocyte
random migration, whereas the �7-nAChR is rather in-
volved in the directional migration of keratinocytes
against a gradient of nicotinic agonists. Similarly, �7-
nAChR mediates migration of vascular smooth muscle

cells toward nicotine.15 In these experiments, cells were
induced to migrate according to a centrifugal random or
directional movement. In our ex vivo and in vitro models of
HBEC migration, bronchial tissues or confluent HBEC
cultures were locally injured. This injury resulted in local
cell desquamation similar to that observed in vivo in re-
modeled bronchial epithelia,43–45 and the wound repair
process was characterized by a uniform centripetal di-
rection of cell movement.46 In centrifugal models of cell
migration, we observed that many cells migrated as in-
dividual cells and had random trajectories (unpublished
observations), whereas in centripetal models all cells had
a coordinated movement.1,46 We performed all of the
experiments described here by using freshly isolated
HBECs and short-term exposures to nicotinic agonists.
Our in vitro results are thus likely to be more relevant to an
in vivo situation. In most other reports dealing with nAChR
and cell migration, cells were chronically exposed to
nicotinic agonists for up to 10 days before measurements
of cell migration.19,23 Long-term exposure to nicotine in-
duces nAChR expression.12,47,48 These differences both
in migration models, centrifugal versus centripetal cell
migration, in duration of agonist exposure and in tissue
origin may explain the differences observed in the con-
tribution of nAChRs in the migration of keratinocytes and
bronchial epithelial cells.

We observed that the �3�5�2-nAChR was identified,
with a low level of expression compared with migrating
HBECs, in the basal layer of the pseudostratified normal
and stationary bronchial epithelium. The presence of
�3�5�2-nAChRs in the surface bronchial epithelium was
confirmed by autoradiographic studies showing that
[125I]-epibatidine, a potent nicotinic agonist with high
affinity for human �3�2- and �3�4-nAChRs,32 bound
specifically to the cells present at the surface of bronchial
epithelium. Similarly, keratinocytes present in the lower
layers of the epidermis express �3�2-nAChRs, which are
suggested to be involved in maintaining the flat shape of
the cells necessary to form a continuous layer over the
epidermal basement membrane.12,19 Because of contin-
uous exposure to noxious inhaled agents, the airway
epithelium is permanently injured and there is a continual
shedding of surface epithelial cells; this requires a regen-
erative process that includes differentiation and prolifer-
ation.49 The basal cells represent the major dynamic
source of epithelial cells in the airway.50 Differentiation of
mature ciliated and secretory cells from basal cells re-
quires changes in cell shape, elongation of the cells up to
the airway lumen, and modifications of cell-cell and cell-
extracellular matrix contacts, as in migrating repair cells.
Moreover, cells that migrate to repair a wound retain
some characteristics of basal cells and express cytoker-
atins 13 and 14.26,29 Although this must be confirmed in
future investigations, we can hypothesize that �3�5�2-
nAChRs involved in cell migration during wound repair
may also have a role in the continuous renewal of bron-
chial epithelial cells.

We observed that exposure of migrating cells to nico-
tine induced a transient increase of intracellular calcium
in cells lining the wound edge. We demonstrated the
major contribution of the �3�5�2-nAChR in the nicotine-

Figure 9. Effects of nicotine, mecamylamine, �-bungarotoxin, and �-bunga-
rotoxin on the [Ca2�]i in migrating HBECs. The effects of nicotine and the
nicotinic receptor antagonists mecamylamine, �-bungarotoxin, and �-bun-
garotoxin on the [Ca2�]i were studied by image analysis in migrating HBECs
located at the wound edge on day 1 of the wound repair process, as
described in Materials and Methods. [Ca2�]i was monitored in the absence
(A) or in the presence of 0.1 mmol/L (B), 0.5 mmol/L (C), or 1 mmol/L (D)
nicotine. After a 5-minute incubation with 1 mmol/L mecamylamine (E), with
0.1 �mol/L (H) or 1 �mol/L (I) �-bungarotoxin, or after a 60-minute incu-
bation with 1 �mol/L (F) or 10 �mol/L (G) �-bungarotoxin, cells were
challenged with 1 mmol/L nicotine during the [Ca2�]i recording. Results are
expressed as mean [Ca2�]i� SD for four different experiments conducted on
primary cultures of HBECs derived from four different bronchial samples.
The significance of the differences between groups was determined using
Mann-Whitney test.

Figure 10. Mecamylamine reversibly inhibits nicotine-induced [Ca2�]i in-
crease in migrating HBECs in culture. The variation of nicotine-induced
[Ca2�]i in migrating HBECs, located at the wound edge on day 1 of the
wound repair process, was followed as described in Figure 8. 1, Nicotine (1
mmol/L) was added to the culture medium and [Ca2�]i was monitored for 340
seconds. 2, Culture medium was removed, cells were washed, and 1 mmol/L
mecamylamine was added in the culture medium. 3, Nicotine (1 mmol/L)
was added to the culture medium, and [Ca2�]i was monitored for an addi-
tional 260-second period. 4, Cells were washed with the culture medium. 5,
Nicotine (1 mmol/L) was added to the culture medium and [Ca2�]i was
monitored for an additional 260-second period. Throughout the entire ex-
periment, [Ca2�]i was monitored in the same group of migrating HBECs.
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induced variations of intracellular calcium in migrating
HBECs. nAChRs are ligand-gated channels selective for
cations.51 Because of the major role of intracellular cal-
cium, many studies have focused on the Ca2� perme-
ability of nAChRs. The �7-nAChR has garnered much
attention because it is highly permeable to Ca2�52,53 and
thus regulates many Ca2�-dependent cellular pro-
cesses, such as cell plasticity, growth, migration, and
survival.51 The �3-nAChR was initially shown to have
significant Ca2� permeability, but much lower than that of
the �7-nAChR.54,55 The introduction of �5 subunit in the
�3�2-nAChRs further increases Ca2� permeability to val-
ues comparable to the �7-nAChR.56 Because of the
much slower desensitization rates of �3�2-nAChRs com-
pared with the �7-nAChR,33,57 �3�5�2-nAChRs could
potentially, throughout prolonged periods, conduct more
Ca2� than could �7-nAChRs. This suggests that �3�5�2-
nAChRs may play more important roles than previously
suspected in ACh-induced Ca2�-mediated effects in
nonneuronal cells. Influx of Ca2� into the cell is determi-
nant on the induction of locomotion, control of direction of
locomotion, and modulation of shape of epithelial
cells.39,58 For example, intracellular Ca2� concentrations
correlate with leukocyte migration speed.39 Our results
showed that nicotine increased [Ca2�]i in migrating
HBECs located close to the edge of the wound. We
previously observed that these cells migrated to the
wounded area with the highest velocity, compared to
cells located away from the wound edge.30 Our results
thus demonstrate that cells at the wound edge migrate
with a high velocity, have an overexpression of �3�5�2-
nAChRs and display a high �3�5�2-nAChR-dependent
increase in [Ca2�]i when exposed to nicotine, suggesting
that �3�5�2-nAChRs control HBEC migration by modu-
lating [Ca2�]i. �3�5�2-nAChRs in migrating cells are
likely to be stimulated by ACh produced by migrating and
stationary HBECs. Indeed, we observed that all HBECs in
culture contained choline acetyltransferase, which medi-
ates ACh synthesis.

In conclusion, we have observed that the �3�5�2-
nAChR modulates intracellular calcium in migrating
HBECs and is involved in HBEC migration and wound
repair of the bronchial epithelium. Cell migration is also a
determinant during fetal development and invasion of
cancer cells. The role of the �3�5�2-nAChR in the estab-
lishment of the bronchial epithelium and the development
of bronchial invasive cancers remains to be defined.
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